The mechanisms by which seven transmembrane receptors activate p42 mapk /p44 mapk are not well de®ned although p21 ras -and protein kinase C (PKC)-dependent pathways have been implicated, typically for G i -and G q -coupled receptors, respectively. Here, we demonstrate that in Rat-1 cells transfected with the G q -coupled bombesin/ gastrin releasing peptide receptor, bombesin stimulated activation of p42 mapk that was not inhibited by the speci®c PKC inhibitor GF 109203X or by down regulation of phorbol ester-sensitive PKC isoforms. In addition, bombesin rapidly stimulated p74 raf-1 activity that was also independent of PKC activity and insensitive to inhibition by pertussis toxin. Furthermore, addition of neuromedin B to Rat-1 cells transfected with the neuromedin B preferring receptor also activated p42 mapk and p74
The mechanisms by which seven transmembrane receptors activate p42 mapk /p44 mapk are not well de®ned although p21 ras -and protein kinase C (PKC)-dependent pathways have been implicated, typically for G i -and G q -coupled receptors, respectively. Here, we demonstrate that in Rat-1 cells transfected with the G q -coupled bombesin/ gastrin releasing peptide receptor, bombesin stimulated activation of p42 mapk that was not inhibited by the speci®c PKC inhibitor GF 109203X or by down regulation of phorbol ester-sensitive PKC isoforms. In addition, bombesin rapidly stimulated p74 raf-1 activity that was also independent of PKC activity and insensitive to inhibition by pertussis toxin. Furthermore, addition of neuromedin B to Rat-1 cells transfected with the neuromedin B preferring receptor also activated p42 mapk and p74
raf-1 in a PKC-independent and pertussis toxininsensitive manner. Finally we show that addition of bombesin to Rat-1 cells stimulated the GTP loading of p21 ras . Our results reveal a novel PKC-independent pathway in the action of G q -coupled receptors and stress the importance of cell context in de®ning the signal transduction pathway(s) that link speci®c receptors to
Introduction
The mitogen-activated protein kinases (MAPKs) are a family of evolutionary conserved serine/threonine kinases that are activated by a range of extracellular signals (Davis, 1993; Marshall, 1995) . The two best characterised isoforms p42 mapk /ERK-2 and p44 mapk / ERK-1 are directly activated by phosphorylation on speci®c tyrosine and threonine residues by the dual speci®city MAPK kinase (or MEK) of which at least two isoforms have been identi®ed in mammalian cells (Payne et al., 1991; Crews et al., 1992; Wu et al., 1993 (Davis, 1993; Marshall, 1995) . The mechanisms by which mitogenic guanine nucleotide binding protein (G protein) coupled receptors activate p42 mapk and p44 mapk are less well de®ned although p21 ras -and protein kinase (PKC)-dependent pathways have been described (Howe and Marshall, 1993; Crespo et al., 1994; Seuerlein et al., , 1996 van Biesen et al., 1996) typically for pertussis toxin (PTx)-sensitive G i and PTx-insensitive G q -coupled receptors respectively (Hawes et al., 1995) . The peptides of the bombesin family including gastrin releasing peptide (GRP) are potent mitogens for a variety of cells including Swiss 3T3 cells (Rozengurt and Sinnett-Smith, 1983; Zachary and Rozengurt, 1985) and Rat-1 cells (Charlesworth et al., 1996) and have been implicated as autocrine growth factors for small cell lung cancer (Cuttitta et al., 1985; Carney et al., 1987; Sethi et al., 1991) . Bombesin binds to a speci®c G q -coupled seven transmembrane domain receptor Rozengurt, 1985, 1987; Coer et al., 1990; Battey et al., 1991; Oermans et al., 1994) and elicits rapid phospholipase C mediated hydrolysis of polyphosphoinositides leading to Ca 2+ mobilisation from intracellular stores and activation of PKC (Rozengurt, 1992) . Addition of bombesin to Swiss 3T3 cells also induces rapid activation of p42 mapk and p44 mapk that is completely dependent on PKC (Pang et al., 1993; Seuerlein et al., 1996) and does not involve p21 ras (Satoh et al., 1990; Mitchell et al., 1995) , or p74 raf-1 (Mitchell et al., 1995; Seuerlein et al., 1996) . Thus, the mechanism for p42 mapk / p44 mapk activation by bombesin in Swiss 3T3 cells is consistent with the model for general G q -coupled receptor activation. However, some studies have indicated that p21 ras could be involved in p42 mapk / p44 mapk activation by G q -coupled receptors (Crespo et al., 1994; Koch et al., 1994; Mattingley et al., 1994) and currently there is increasing recognition of the importance of the cellular context in which the MAPK pathway is activated (Dikic et al., 1996; van Biesen et al., 1996; Wan et al., 1996) .
In the present study we examined the mechanism of p42 mapk activation by bombesin in Rat-1 cells stably transfected with the bombesin/GRP preferring receptor (Charlesworth et al., 1996) . Our results reveal a novel PKC-independent pathway in the action of G q -coupled receptors and stress the importance of cell context in de®ning the signal transduction pathways that link speci®c receptors to the activation of the MAP kinase cascade.
Results and Discussion
Bombesin stimulates p42 mapk activity in Rat-1 cells transfected with the bombesin/GRP receptor To examine bombesin stimulation of p42 mapk activity in Rat-1 cells transfected with the bombesin/GRP receptor, quiescent BOR 15 cells were treated with increasing concentrations of this agonist for 5 min. Lysates from stimulated and unstimulated cells were immunoprecipitated with antibodies against p42 mapk and then the activity of this enzyme was measured by an immune-complex kinase assay, using myelin basic protein (MBP) peptide as substrate. As shown in Figure 1 (left), bombesin induced a concentration dependent increase in p42 mapk activity, the half maximum and maximum concentration being 0.3 and 10 nM respectively. The maximum stimulation of p42 mapk activity induced by bombesin (15-fold over baseline levels) was comparable to the increase in p42 mapk activity induced by epidermal growth factor (EGF) (Figure 1, inset) . In contrast, addition of phorbol 12,13-dibutyrate (PDB) to parallel cultures activated p42 mapk to a level that was only 20 ± 30% of that induced by bombesin or EGF (Figure 1, inset) . Thus, bombesin stimulated a robust p42 mapk activation in Rat-1 cells transfected with the bombesin/GRP receptor.
In view of the role of phorbol ester-sensitive isoforms of PKC in G q -mediated p42 mapk and p44 mapk activation (Pang et al., 1993; Hawes et al., 1995; Seuerlein et al., 1996) , it was important to assess the contribution of these PKCs to the p42 mapk response induced by bombesin in the bombesin/GRP receptor transfected Rat-1 cells. This was examined both by down regulation of phorbol ester-sensitive isoforms of PKC by prolonged treatment with 800 nM PDB, and by using the speci®c PKC inhibitor GF 109203X. This compound is a bisindolylmaleimide which selectively inhibits diacylglycerol-regulated PKC isoforms by competing with ATP for the ATP binding site (Toullec et al., 1991; Yeo and Exton, 1995) . The results presented in Figure 1 (right) show that phorbol ester-mediated p42 mapk activation was signi®cantly attenuated by GF 109203X (66% inhibition) and completely abolished by chronic pretreatment with PDB. As expected, EGF-induced p42 mapk activation in Rat-1 cells was not signi®cantly inhibited by PKC inhibition and only slightly by PKC down regulation. In contrast to previous results with Swiss 3T3 cells, bombesin-induced p42 mapk activation was not significantly inhibited by either GF 109203X or pretreatment with PDB (Figure 1, right) . Thus, the results in Figure  1 demonstrate that bombesin induces a strong stimulation of p42 mapk activity in Rat-1 cells transfected with the bombesin GRP receptor through a PKC-independent pathway.
Bombesin stimulates p74
raf-1 activity independently of PKC in Rat-1 cells -dependent and independent pathways (Russell et al., 1994; Hawes et al., 1995; Mitchell et al., 1995; . Consequently, we examined whether bombesin stimulates p74
raf-1 activity in Rat-1 cells transfected with the bombesin/GRP receptor. This was achieved using a sensitive assay in which the activation of immunoprecipitated p74
raf-1 kinase from bombesin-stimulated cells Figure 1 (Left) Bombesin-induced increase in p42 mapk activity. BOR 15 cells in 100 mm dishes were washed twice in DMEM and incubated in 5 ml DMEM with increasing concentrations of bombesin for 5 min at 378C. Cells were lysed and p42 mapk was immunoprecipitated with polyclonal anti-p42 mapk antibodies. p42 mapk activity was measured by an in vitro kinase assay using MBP peptide as a substrate as described in Materials and methods. Results shown are the mean of two independent experiments that were performed in duplicate. (Inset) p42 mapk activation induced by various factors. BOR 15 cells in 100 mm dishes were washed twice with DMEM and incubated in 5 ml DMEM without (7) or with 1 nM bombesin (B), 200 nM PDB (P) or 5 ng/ml EGF (E) for 5 min at 378C. p42 mapk was immunoprecipitated followed by an in vitro kinase reaction as above. Results shown are from one experiment performed in duplicate. Similar results were obtained in two independent experiments (Right) Eect of PKC inhibition and down regulation on bombesin-stimulated p42 mapk activity. Cultures of BOR 15 cells (5 days after passage) were pretreated with (closed bars) or without 800 nM PDB for 48 h. Then the cells were washed twice in DMEM and incubated in 5 ml DMEM for 1 h in the absence or presence of 3.5 mM GF 109203X (striped bars). The cells were stimulated without (7) or with 100 nM PDB, 1 nM bombesin (Bom) or 5 ng/ml EGF for 5 min at 378C. The cells were lysed and p42 mapk was immunoprecipitated and kinase activity assayed as above. Results shown are from one representative experiment that was performed in duplicate. Similar results were obtained in two independent experiments raf-1 activity. BOR 15 cells in 100 mm dishes were washed twice in DMEM and incubated in 5 ml DMEM with 1 nM bombesin for increasing times at 378C. Cells were lysed and p74 raf-1 was immunoprecipitated with polyclonal C12 anti-p74 raf-1 antibody. p74 raf-1 activity was measured by a two stage in vitro immunecomplex kinase assay as described in Materials and methods. Results shown are the mean of two independent experiments performed in duplicate. (b) Eect of PKC inhibition and down regulation on p74 raf-1 activity induced by various mitogens. BOR 15 cells in 100 mm dishes were pretreated for 40 h with (closed bars) or without 800 nM PDB. The cells were then washed twice with DMEM and incubated in 5 ml DMEM for 1 h in the absence or presence (striped bars) of 3.5 mM GF 109203X. Cells were then stimulated for 3 min at 378C without (7) or with 200 nM PDB or 1 nM bombesin (Bom). p74 raf-1 was immunoprecipitated and kinase activity measured as above. Results are presented as a percent of the bombesin control and are the mean of two independent experiments performed in duplicate with the error bar showing the range was measured by its ability to activate, in vitro, GSTfusion proteins of downstream kinases (i.e. MEK-1 and p42 mapk ). As shown in Figure 2a addition of bombesin at 1 nM induced a rapid and transient increase in p74 raf-1 kinase activity. The maximum activation occurred 3 min after bombesin stimulation and was nearly all over by 10 min.
Diacylglycerol-dependent isoforms of PKC (e.g. PKCa) have been proposed to directly activate p74 raf-1 , at least in some cell types (Sozeri et al., 1992; Kolch et al., 1993) . However, PDB at all concentrations that induce a marked increase in the phosphorylation of the PKC substrate 80K/MARCKS in Rat-1 cells (Charlesworth et al., 1996) did not stimulate p74 raf-1 activity in these cells suggesting that direct PKC activation does not lead to p74
raf-1 stimulation in Rat-1 cells (Figure 2b) . To determine the role of phorbol ester-sensitive isoforms of PKC in bombesin-stimulated p74 raf-1 activity, quiescent BOR 15 cells were pretreated with 800 nM PDB for 40 h to down regulate PKC, or with 3.5 mM GF 109203X for 1 h prior to stimulation by various factors for 3 min. The results are shown in Figure 2b . Bombesin-induced p74 raf-1 activity was not aected by inhibition or down regulation of PKC demonstrating that bombesin activates p74
raf-1 via a PKC-independent route. In fact, a small stimulation was noticed in every case suggesting that GF 109203X and down regulation of PKC eliminates a constitutive feed-back loop in Rat-1 cells. Thus, bombesin induces p42 mapk and p74 raf-1 activation through a PKCindependent pathway in Rat-1 cells transfected with the bombesin receptor.
raf-1 and p42 mapk via a pertussis toxin and cytochalasin D-insensitive pathway Many G protein-coupled receptors (e.g. M1 acetylcholine and those for lysophosphatidic acid (LPA) and thrombin) activate p21 ras , p74
raf-1 and p42 mapk via a PTxsensitive G i pathway (Alblas et al., 1993; Van Corven et al., 1993; Winitz et al., 1993) . We considered the possibility that the transfected bombesin/GRP receptor could be coupled to G i in Rat-1 cells. To assess whether G i mediated bombesin-induced activation of p74 raf-1 , BOR 15 cells were pretreated for 2 h with 50 ng/ml PTx and then stimulated with bombesin, LPA or EGF for 3 min. As shown in Figure 3 (upper, left) bombesin-induced p74 raf-1 activation was not prevented by pretreatment with PTx in these cells. Similarly, bombesin induced PTx-insensitive p42 mapk activation in BOR 15 cells (results not shown). We veri®ed that in parallel cultures LPA and EGF induced p74 raf-1 activation through PTX-sensitive and PTX-insensitive pathways, respectively (Figure 3, upper left) . Thus, these ®ndings con®rm that the bombesin/GRP receptor transfected in Rat-1 cells induces p74 raf-1 and p42 mapk activation via a PTx-insensitive G q pathway.
Bombesin stimulates the tyrosine phosphorylation of p125 focal adhesion kinase (p125 FAK ) through a PKCindependent pathway that is completely dependent on the integrity of the actin cytoskeleton in Rat-1 cells (Charlesworth et al., 1996) . Tyrosine phosphorylated p125 FAK has been proposed to direct the formation of a signalling complex that leads to the activation of the MAP kinase cascade in integrin-mediated signaltransduction (Schlaepfer et al., 1994) . We therefore determined whether tyrosine phosphorylated p125 FAK could act upstream of p74 raf-1 activation in bombesinstimulated Rat-1 cells transfected with the bombesin/ GRP receptor. As shown in Figure 3 (upper, right) p74 raf-1 activation induced by bombesin was not inhibited in BOR 15 cells that were preincubated for 2 h with 2 mM cytochalasin D, a pretreatment that completely abolished p125 FAK tyrosine phosphorylation in response to bombesin. Indeed there was a slight stimulation of basal p74 raf-1 activity upon pretreatment with cytochalasin D. These results demonstrate that tyrosine phosphorylation of p125 FAK can be dissociated from p74
raf-1 activation in Rat-1 cells transfected with the bombesin/GRP receptor. raf-1 activity induced by bombesin. (Left) BOR 15 cells in 100 mm dishes were washed twice in DMEM and incubated in 5 ml DMEM with 50 ng/ml pertussis toxin for 2 h (closed bars) as indicated. Cells were then stimulated for 3 min at 378C without (7) or with 1 mM bombesin (Bom), 2 mM LPA or 5 ng/ml EGF. p74 raf-1 was immunoprecipitated and kinase activity measured as above. Results shown are from one experiment that was performed in duplicate with bars showing the range. Similar results were obtained in two independent experiments. (Right BOR 15 cells in 100 mm dishes were washed twice in DMEM and incubated in 5 ml DMEM with 2 mM cytochalasin D for 2 h (closed bars) as indicated. Cells were then stimulated for 3 min at 378C without (7) or with 1 nM bombesin (Bom). p74 raf-1 was immunoprecipitated and kinase activity measured as above. Results are the mean of three independent experiments performed in duplicate with bars showing the standard error. (Lower) p42 mapk and p74 raf-1 activation induced by neuromedin B in Rat-1 cells. NMBR-1 cells in 100 mm dishes were pretreated for 40 h with 800 nM PDB (DR). These and parallel culture of cells were washed twice with DMEM and incubated in 5 ml DMEM in the absence or presence 3.5 mM GF 109203X for 1 h (GF) or 50 ng/ml pertussis toxin for 2 h (PTx), as indicated. Cells were then stimulated for 5 min (p42 mapk ) or 3 min (p74 raf-1 ) at 378C without (7) or with 1 nM neuromedin B (NmB). p42 mapk or p74 mapk was immunoprecipitated followed by in vitro kinase reactions as described above. Results are shown as a percent of the neuromedin B control and are the mean of two independent experiments performed in duplicate with the error bar showing the range. Where the error bar cannot be seen it lies within the dimensions of the bar. As in other experiments shown above, the pretreatments did not signi®cantly aect the basal activity As our results with bombesin in Rat-1 cells transfected with the bombesin/GRP receptor imply the existence of a novel PCK-independent pathway leading to p74 raf-1 and p42 mapk activation, we examined whether this pathway is utilised by other G q coupled receptors in Rat-1 cells, such as the transfected neuomedin B receptor (Lach et al., 1995) . The neuromedin B receptor, which is closely related to the bombesin/GRP receptor Wada et al., 1991) , has been previously shown to activate p42 mapk although the mechanism has not been determined (Lach et al., 1995) . Figure 3 (lower) shows that addition of neuromedin B induced p42 mapk and p74 raf-1 activation in a PKC-independent and PTxinsensitive manner in Rat-1 cells transfected with the neuromedin B receptor.
Bombesin stimulates p21 ras GTP loading in transfected Rat-1 cells
Previous results demonstrated that addition of bombesin to Swiss 3T3 cells does not increase the active, GTP-bound state, of p21 ras (Satoh et al., 1990; Mitchell et al., 1995) . However, the PKC-and PTxindependent stimulation of p74 raf-1 activity induced by bombesin in Rat-1 cells transfected with the bombesin/GRP receptor prompted us to examine whether this agonist could activate p21 ras in these cells. Quiescent BOR 15 cells were labelled overnight with [ 32 P]orthophosphate and then stimulated for 2.5 min with bombesin or EGF. p21 ras was immunoprecipitated and the bound guanine nucleotides were eluted and separated by thin layer chromatography. The results are shown in Figure 4 . Bombesin increased the proportion of p21 ras in the GTP bound form from 28 to 43%. In parallel cultures, EGFinduced stimulation increased p21 ras GTP from 28 to 61%. Thus, activation of the transfected bombesin/ GRP receptor stimulated the GTP loading of p21 ras in Rat-1 cells.
Conclusions and implications
In contrast to receptor tyrosine kinases, the signal transduction steps leading to the activation of p42 mapk and p44 mapk by seven transamembrane domain receptors are not well understood. Recently, G i -coupled receptors have been shown to induce the activation of p42 mapk and p44 mapk via a p21 ras -dependent pathway (Koch et al., 1994; Hawes et al., 1995) . A second PTxsensitive pathway involving G o has also been identi®ed (van Biesen et al., 1996) . In contrast, G q -coupled receptors are thought to induce PTx-insensitive p42 mapk and p44 mapk activation through a pathway dependent on phorbol ester-sensitive PKC isoforms (Hawes et al., 1995) . In accord with this model, bombesin induces p42 mapk and p44 mapk activation in Swiss 3T3 cells via a PKC-dependent and PTx-insensitive pathway without promoting an increase in p21 ras GTP. Bombesin does not increase p74 raf-1 activation in these cells. (7) or with 1 nM bombesin (Bom) or 5 ng/ml EGF for 2.5 min at 378C. The cells were lysed and p21 ras was immunoprecipitated with mAb 259 in duplicate (+) with non-speci®c controls (7) from the detergent phase as described in Materials and methods. The guanine nucleotides were eluted from Ras and resolved by thin layer chromatography on PEI cellulose plates as described in Materials and methods and visualised by autoradiography. Results shown are from one representative experiment that was performed with duplicate immunoprecipitations from duplicate cultures. Similar results were obtained in two independent experiments. (Right) Labelled nucleotides were quanti®ed with a Phosphorimager using ImageQuant from Molecular Dynamics. The results are presented as the mean percent of Ras in GTP bound form (GTP/ (GTP+GDP)6100)+s.e. of duplicate immunoprecipitations from duplicate cultures
The results presented here demonstrate that bombesin induces p42 mapk and p74 raf-1 activation in Rat-1 cells transfected with the bombesin/GRP receptor via a PKC-independent pathway. Furthermore, the stimulation of p74 raf-1 activity is PTxinsensitive, indicating that the bombesin/GRP receptor does not couple to either G i or G o in Rat-1 cells. Bombesin also stimulated the GTP loading of p21 ras in these cells. In addition, we found that ligand activation of the G q -coupled receptor for neuromedin B also leads to p74
raf-1 and p42 mapk activation via a PKC-independent pathway in Rat-1 cells. Thus, our results reveal a novel PKC-independent pathway in the action of G qcoupled receptors and imply that these receptors have the potential to activate p42 mapk and p44 mapk through multiple pathways. The ®ndings also emphasise the importance of cell context in determining the signal transduction pathways that link a speci®c receptor to the activation of the MAP kinase cascade.
Materials and methods

Cell culture
Stock cultures of Rat-1 cells were maintained as described previously (Higgins et al., 1992) except that transfected cell lines were propagated in the presence of 0.5 mg/ml G418 (Lach et al., 1995; Charlesworth et al., 1996) . For experimental purposes, 5610 4 or 3610 5 cells were subcultured in 33 or 100 mm Nunc Petri dishes respectively with Dulbecco's modi®ed Eagle's medium (DMEM) supplemented with 5% foetal calf serum (FBS) and 0.5 mg/ ml G418 as necessary and incubated in a humidi®ed atmosphere of 10% CO 2 , 90% air at 378C until the became con¯uent and quiescent.
Transfection of Rat-1 cells A 1.4 kb insert containing the complete cDNA coding region of the murine bombesin/GRP preferring receptor cloned into the mammalian expression vector pCD2-neo (BNR-pCD2-neo), and a 2 kb insert containing the complete cDNA coding region of the rat neuromedin B receptor cloned into pCD2 and under the transcriptional control of the SV40 early region promoter, were kindly provided by Dr J Battey, and transfected into Rat-1 cells as described previously (Lach et al., 1995; Charlesworth et al., 1996) . The two clones used were BOR 15 and NMBR-1. The binding properties of the transfected receptors are consistent with the binding properties of endogenous receptors. It should be pointed out that the Rat-1 cell lines transfected with the bombesin/GRP receptor used in this study (BOR 15) expressed 50% fewer receptors per cell than Swiss 3T3 cells (Charlesworth et al., 1996) . Also the NMBR-1 cell line expressed neuromedin B receptors (3610 4 per cell) at a lower level than BOR 15 expressed bombesin/GRP receptors (Lach et al., 1995) . This is of importance in analysis of cellular responses because overexpression of G protein linked receptors could overcome the speci®city of coupling to eector systems (Ashkenazi et al., 1987) . Thus, the clones selected in this study, provide a useful system to examine the signalling pathways activated by bombesin and neuromedin B in receptor transfected cells.
Immune-complex assay for p42 mapk activation
Quiescent Rat-1 cells in 100 mm dishes were treated with factors as described in each experiment and lysed at 48C in 1 ml of lysis buer (10 mM Tris/HCl, 5 mM EDTA, 50 mM NaCl, 30 mM sodium pyrophosphate, 50 mM NaF, 100 mM Na 3 VO 4 , 1% Triton X-100 and 1 mM phenylmethylsulphonyl¯uoride (PMSF), pH 7.6). Lysates were clari®ed by centrifugation at 15 000 g for 10 min at 48C. Immunoprecipitation was performed using a polyclonal anti-p42 mapk antibody raised against the C-terminal peptide of p42 mapk (EETARFQPGYRS) and incubating the samples on a rotating wheel for 2 h. Washed protein A-agarose beads (50 ml 1 : 1 slurry) were added for the second hour. Immune complexes were collected by centrifugation and washed twice in lysis buer without PMSF and twice in kinase buer (15 mM Tris-HCl, 15 mM MgCl 2 ). The kinase reaction was performed by resuspending the pellet in 25 ml of kinase assay cocktail containing kinase buer with 0.5 mM EGTA, 1 mg/ml MBP peptide (APRTPGGRR), 50 mM ATP, 50 mCi/ml of [g-32 P]ATP. Incubations were performed under linear assay conditions (10 min) at 308C and terminated by spotting 25 ml of the supernatant onto Whatman P81 cation exchanger chromatography paper. Free [g-32 P]ATP was removed by washing ®lters four times for 5 min in 0.5% orthophosphoric acid. Filters were immersed in acetone to aid drying before Cerenkov counting. The average radioactivity of two blank samples containing no immune complex was subtracted from the result of each sample. The speci®c activity of [g-32 P]ATP used was 900 ± 1200 c.p.m/pmol. p74 raf-1 kinase assay p74 raf-1 activity was assayed using a modi®cation of the method described by Alessi et al. (1994) . Overnight cultures of Escherichia coli strain BL21 DE3 transformed with GST-p42 mapk and GST-MEK expression vectors (pGEX-2T) were diluted 1 in 10 and grown for 1 h. GST-p42 mapk was induced with 1 mM isopropylthio-b-Dgalactoside for 4 h at 378C and GST-MEK induced with 30 mM isopropylthio-b-D-galactoside at 278C overnight. The cells were then pelleted, freeze-thawed and lysed. Cell debris was removed by centrifugation and GST-fusion proteins were puri®ed by adding 0.5 ml glutathioneSepharose beads and rotating for 30 min at 48C. The GST-p42 mapk was cleaved from the GST in thrombin buer while the GST-MEK was eluted from the glutathioneSepharose beads with 5 mM glutathione in 50 mM Tris pH 8. Both preparations were then dialysed and concentrated. The purity of each preparation was checked by subjecting the proteins to SDS ± PAGE and staining the gels with Coomassie blue. For the p42 mapk typical yields were 10 mg/ ml of culture, with a purity of 495%. For the GST-MEK typical yields were 5 mg/ml of culture with a purity of 495%.
Quiescent cells were treated as indicated in the Figure  legends and lysed in lysis buer as above. p74 raf-1 immunoprecipitation was performed with an anity purified rabbit polyclonal antibody for 2 h with protein A-agarose added for the second hour or a mouse monoclonal antibody with anti-mouse IgG-agarose. The results obtained with these two antibodies were essentially the same. Immune complexes were collected by centrifugation and then washed twice in lysis buer with no PMSF and twice with buer A (50 mM Tris-HCl pH 7.5, 0.1 mM EGTA, 0.5 mM Na 3 VO 4 and 0.1% b-mercaptoethanol). Pellets were then resuspended in 30 ml buer B (30 mM Tris-HCl pH 7.5, 0.1 mM EGTA, 0.1% bmercaptoethanol, 6.5 mg/ml GST-MEK, 100 mg/ml p42 mapk , 0.03% Brij-35, 10 mM Mg-ATP and 20 mM N-octyl-b-Dglucopyranoside) and incubated at 308C for 30 min. The reaction was then terminated by diluting the supernatant in 40 ml of buer A with 1 mg/ml of bovine serum albumin (BSA) and, after mixing, 10 ml of the supernatant was removed to a fresh tube. p42 mapk activation was then measured using the MBP peptide phosphorylation assay essentially as above.
GTP loading of p21 ras
Con¯uent and quiescent Rat-1 cells in 100 mm dishes were washed twice in DMEM-phosphate and incubated in 5 ml DMEM without phosphate with 20 mM HEPES pH 7.5 and 1 mg/ml tissue culture grade BSA with 1.5 mCi of 32 P i and labelled for 16 ± 18 h. Cells were then stimulated with factors as described in the Figure legend for 2.5 min at 378C then rinsed with cold phosphate-buered saline and lysed in Ras lysis buer (50 mM Tris pH 7.5, 100 mM NaCl, 1 mM EGTA, 10 mM benzamidine, 10 mg/ml trypsin inhibitor, 10 mg/ml aprotinin, 10 mg/ml leupeptin, 1 mM DL-dithiothreitol, 1 mg/ml BSA) with 5 mM MgCl 2 and 1% Triton X-114. After removal of cell debris by centrifugation, phases were partitioned in the presence of 0.5 M NaCl for 2 min at 378C (Basu et al., 1992) . The detergent gel containing p21 ras was recovered by spinning down for 2 min at 14 000 g at 208C and redissolved in Ras lysis buer containing 1% Triton X-100, 0.5% sodium deoxycholate, 0.05% SDS and 0.5 M NaCl. p21 ras was immunoprecipitated for 2 h with 25 ml [1 : 1 slurry] antiRas mAb 259 pre-coupled to Protein G-Sepharose (0.1 mg 259 mAb per 1 ml [1 : 1 slurry] Protein G-Sepharose). All immunoprecipitations were carried out in duplicate along with non-speci®c controls. Immunoprecipitates were washed with 661 ml of 50 mM HEPES, pH 7.4, 0.5 M NaCl, 5 mM MgCl 2 , 0.1% Triton X-100, 0.005% SDS and the nucleotides were eluted with 2 mM EDTA, 2 mM DLdithiothreitol, 0.2% SDS, 0.5 mM GTP, 0.5 mM GDP, at 688C for 20 min. Eluted nucleotides were separated by thin layer chromatography on PEI-cellulose plates (MERCK) run in 1.2 M ammonium formate, 0.8 M HCl. Results were quantitated on a phosphorimager and analysed by ImageQuant (Molecular Dynamics).
Materials
GF 109203X was obtained from Calbiochem. Protein Aagarose conjugate and Protein G-Sepharose was obtained from Boehringer Mannheim, Germany. PDB, bombesin, BSA, anti-mouse IgG (whole molecule)-agarose were obtained from Sigma. FBS was obtained from Gibco BRL, Life Technologies. The cDNA of the murine bombesin/GRP preferring receptor in pCD2-neo (BNR-pCD2-neo) and the neuromedin B receptor were kindly provided by Dr J Battey, Laboratory of Biological Chemistry, National Cancer Institute, Bethesda, Maryland, U.S.A). Anti-p21 ras mAb clone 259 was obtained from the hybridoma development unit, Imperial Cancer Research Fund, London, United Kingdom. The anti-p74 raf-1 anity puri®ed rabbit polyclonal antibody was obtained from Santa Cruz Biotechnology Ltd., USA and the anti-p72 raf-1 monoclonal antibody was from Transduction Laboratories. p42 mapk antisera was a generous gift from Dr D J Withers of Department of Medicine, Hammersmith Hospital, London, UK. GST-MEK and GST-p42 mapk expression vectors were kind gifts from Professor C Marshall, Chester Beattie Laboratory, Institute for Cancer Research, London, UK.
32 P i (10 mCi/ ml) and [g- 32 P]ATP (5000 Ci/mol) were obtained from Amersham International, UK. All other materials were of the purest grade commercially available.
